INTRODUCTION
An intensive research and development effort is presently underway by public agencies and private companies to determine the feasibility of using geopressured geothermal waters as a source of energy. Huge volumes of water are required for the extraction of heat, hydraulic energy, and dissolved gases from geopressured systems. For example, the volume of water produced from one geopressured geothermal well is expected to range from about 1,600 cubic meters, or 10,000 barrels, to more than 8,000 cubic meters, or 50,000 barrels, per day. Approximately 10 wells will be required to supply geothermal fluids at I50°C to each 25-megawatt powerplant (Underhill and others, 1976) .
The amount of water produced with oil and gas also will continue to increase. This increase is the result of increasing total amounts of oil and gas being produced and, more importantly, petroleum wells that produce large volumes of water are now economical to keep in production. Proper management of these larger volumes of water will require more detailed and accurate data on the chemical composition of the water than the data routinely obtained by petroleum companies.
The authors have been collecting and analyzing geopressured geothermal and oil field waters for 10 years. This report summarizes their latest methods for the collection, preservation, and detailed analysis of these waters. These methods are, for the most part, based upon, but are significantly different from, those used for surface and shallow ground waters (Skougstad and others, 1979; American Public Health Association, 1971) , or those now used for oil-field waters (American Petroleum Institute, 1968; Collins, 1975) , or those used for geothermal waters (Presser and Barnes, 1974; Watson, 1978) . For the methods of analysis of trace metals not reported here, see Skougstad and others (1979) .
FIELD PROCEDURES Sampling at the Wellhead
Collection of samples should include steps to prevent contamination and to preserve the samples for later analysis; therefore, it is essential to collect samples as near the wellhead as possible and to isolate them from the atmosphere. Most oil field and geopressured geothermal wells have, or can be fitted with, sampling valves at or close to the wellhead. If the sample must be taken from the separator, the separator should be emptied of contained fluids and solids before sampling. The separator is then flushed with new formation water prior to sampling. Samples for trace metals should not be taken at or downline from the separator because of the possibility of precipitation of heavy metal oxyhydroxides and carbonates in the separator and the possible presence of corrosion products that could contaminate the sample. If corrosion inhibitors are being added to the well, it is necessary to stop adding them at least 1 hour prior to sampling the well.
Wells should be carefully selected to ensure that the samples obtained are representative of the waters present in the producing zone. The wells sampled should (D be perforated over known intervals, (2) be producing from a single zone, (3) not be affected by water flooding, and (4) not contain water diluted by condensed water which is common in gas wells producing less than about 1 cubic meter of water per 30,000 cubic meters of gas, or 6 barrels per million cubic feet (Kharaka and others, 1977) . Application All formation waters for collection and determination of cations, anions, alkalinity, stable isotopes, pH, and temperature. Reagents SAOB II solution (as described in the section on "Sulfide determination by specific-ion electrode method"). Apparatus 1. Carboy, 2-or 5-gallon, with bottom spigot. 2. Glass wool. 3. Bottles, flint-glass, 125-mL with Poly-Seal 1 caps. 4. Thermometer. 5. Tubing, polyvinyl chloride, and fittings for wellhead connections. 6. Flasks, volumetric, 100-mL. Procedure 1. Attach tubing to the wellhead, open valve, and flush the lines. 2. Measure the temperature of water under flow. 3. Rinse all collection containers at least twice with sample water. 4. Fill the carboy with water. Minimize contact of the sample with air by inserting the tubing as far as possible into the carboy through a hole in the cap. Plug the hole in the cap with a rubber stopper after the carboy is filled. 5. Fill completely and tightly cap four separate flint-glass bottles by passing the water from the tubing through glass wool placed in a funnel to remove any solids and oil droplets. These bottles will be used for the hydrogen sulfide (iodometric), alkalinity, carbon isotopes, and pH determinations. Label these samples raw unacidified (RU). 6. Collect sample for specific-ion electrode determination of sulfide by filling a 100-mL volumetric Any use of trade names is for descriptive purposes only and does not imply endorsement by the U.S. Geological Survey.
flask containing 50 mL of SAOB II solution (see section on "Sulfide determination method by specific-ion electrode") to the mark with sample. 7. Collection from oil and gas-condensate wells is somewhat different. Fluid is collected in a carboy and the two phases (oil and water) are allowed to separate. This takes from 5 minutes to several hours, depending on the temperature and the proportion of water produced. When separation occurs, proceed with steps 5 through 6 using water obtained through the spigot at the bottom of the carboy.
Sample Filtration and Preservation
Filtration and preservation of samples immediately after collection is important to prevent loss of constituents through precipitation and colloidalization. Cations such as manganese, calcium, iron, strontium, and barium can form oxyhydroxides and carbonates that may precipitate if the samples are not treated. Filtration through 0.1-/^m filters is required for trace-metal and mercury samples because colloidal metallic hydroxides and clay particles can pass through larger pore sizes (Kennedy and others, 1974) . These particles would dissolve upon acidification, thus forming concentrations of trace metals not representative of the waters. Filtration through a 0.45-/^m filter is adequate for determination of anions and other cations.
Polyethylene bottles with airtight caps are used to store the filtered samples. The bottles must be prewashed with 10-percent nitric acid and rinsed with distilleddeionized water. Bottles for trace metals are prewashed with a 10-percent sulfuric-nitric acid mixture, rinsed with distilled-deionized water, and dried under positive-filtered air flow (J.W. Ball, oral commun., 1980) . Bottles for mercury samples are cleaned by soaking in a chromic acid solution for 24 hours, followed by rinsing with distilleddeionized water, and then by heating in an oven at >200°C for 24 hours (Ball and others, 1976) .
A filtration unit described by Ball and others (1976 
Extraction of Aluminum
Extraction of monomeric or reactive aluminum in solution must be done in the field if measured aluminum values are to be used in chemical models that study water-rock reactions (Kharaka and Barnes, 1973) .
Aluminum is complexed with 8-hydroxyquinoline and extracted in methyl isobutyl ketone (MIBK.) after the sample has been filtered through 0.1-//m filter paper (Barnes. 1975) . Samples with concentrations of iron greater than about 0.4 mg/L require pretreatment; samples with concentrations of iron greater than 10 mg/L cannot be extracted by this method (Barnes, 1975 a. Connect tubing, filter, syringes, and gascollecting cylinder as shown in figure 
Chemical Analysis
For accurate analysis, several parameters must be measured in the field shortly after the sample has been collected because certain chemical species are unstable when the sample is brought to the surface and exposed to a different environment.
Included in this category are hydrogen sulfide, alkalinity, pH, specific conductance, and ammonia. Although ammonia preferably is measured in the field, it can be analyzed later in the laboratory by adding mercuric chloride (40 mg of Hg per liter of sample) to prevent the bacteria from multiplying; such a sample should be kept in the dark and refrigerated (Brown and others, 1970) .
Our philosophy with regard to field analyses is to perform only those analyses in the field for which samples cannot be preserved for later laboratory analysis. Laboratory analysis is preferred because of stability of instruments, decreased risk of contamination, and operator comfort. For field analyses, some type of shelter is desirable. Laboratory trucks, trailers, or "dog houses" are sufficient for this purpose.
In the following descriptions, quantities of reagents are given to the degree of specificiu required some to one significant figure, some to more as needed.
Sulfide Determination by lodometric Method

Principle
The iodometric method involves the reduction of a known amount of iodine b> any dissolved oxidizable sulfur species in an acidified solution. The excess iodine is titrated with thiosulfate and, by difference, concentration of sulfide is determined. Interferences in this method are reducing substances (for example, heavy metals) and oxidizing agents that liberate iodine (for example, oxygen). Application
The iodometric method is applicable to waters containing more than 0.5 mg/L sulfide. Dilute 100.0 ml of 0.10 N sodium thiosulfate solution to 1.000 mL with carbon dioxide-free water and standardize against potassium iodate as follows: dry approximately 0.5 g of KlCh for 2 hours at 180°C. Dissolve 0.3567 g in water and dilute to 1,000 mL. Pipet 25.00 mL of KIO, solution into a 250-mL iodine flask, then add succes -ively 75-mL of water and 0.5 g of KI crystals. After solution is complete, add 10 mL of 3.6 A! H:SO 4. Allow the stoppered flask to stand 5 minutes in the dark, then titrate with the 0.01 N Na:S2O., solution using 0.5 mL of starch indicator as the end point is approached (light straw color). 5. Potassium iodide, iodate free. 6. Starch indicator solution. Dissolve 1 to 2 g of soluble starch in 100 mL hot water. Add 1 g of boric acid as a preservative. 7. Potassium iodate. Apparatus 1. Buret, 10-mL. 2. Buret holder. 3. Ring stand. 4. Magnetic stirrer. 5. Pipets, 100-mL, 10-mL, and 1-mL. 6. Flasks, iodine, 250-mL. Procedure 1. Measure out 100 mL of sulfide-free deionized water for blank determination. 2. Add 10 mL of concentrated HCI. 3. Immediately add 10 mL of I: solution. 4. Titrate (moderate stirring) with 0.01 N Na2S:O, until a light straw color is reached. 5. Add 1 mL of starch indicator solution. 6. Continue titrating until the solution is clear. (The blue color will return if solution is allowed to stand.) Record the amount of titrant used. 7. Repeat steps 1 through 6 using the sample collected and sealed at the well site after it has cooled to near room temperature. 8. Calculate concentration of hydrogen sulfide, in milligrams per liter, as follows:
where: C is concentration of hhS in milligrams per liter, V, is volume of sample in milliliters, N, is normality of sodium thiosulfate titrant, Vbi is volume of titrant used for blank determination, VM is volume of titrant used for sample determination.
NOTE:
1. Volumes of blank and sample must be the same; they may be more or less than 100 mL, depending on the concentration of hydrogen sulfide in the sample. 2. Analysis should be done with waters near 25°C.
Sulfide Determination by Specific-Ion Electrode Method
Principle
The sulfide specific-ion electrode method is used to determine sulfide ion under basic conditions. This method is more sensitive than the iodometric method and is less susceptible to interferences. Application
The sulfide specific-ion method is applicable to waters containing more than 0.05 mg/L sulfide. Alkalinity Principle Unfiltered unacidified sample is titrated with dilute suifuric acid as described by Barnes (1964) . The pH and volume of acid added are monitored during the titration which is continued to a pH of about 2.5, and a titration curve is constructed. The observed inflection point gives total titratable species (carbonate, bicarbonate, organic acid anions, borates, ammonium hydroxide, silicates, and other species). Carothers and Kharaka (1978) showed that titration to pH of about 2.5 is necessary to titrate all the organic acid anions. Application Formation waters containing any weakly ionized species that will become protonated upon addition of acid. Apparatus 1. Buret, 25-mL 2. pH meter and electrode. 3. Magnetic stirrer. 4. Pipets, 50-mL Reagents 1. pH buffers (pH 4 and 7). 2. Suifuric acid standard solution, 0.05 N. Dilute J. T. Baker Dilut-it to 1,000 mL with distilleddeionized water. Standardize this with primary standard sodium carbonate. Procedure 1. Calibrate pH meter with buffer solutions of pH 4 and 7. 2. Pipet 50 mL of raw unacidified sample (collected at the wellhead in a 125-mL flint-glass bottle) into a 100-mL beaker when it has cooled to near 25°C. 3. Start magnetic stirrer. 4. Immerse the electrode into solution and record the pH.
5. Add 1.0 mL aliquots of standard 0.05 N H 2 SO 4, recording the stable pH after each addition. Use smaller aliquots of acid near the end point (~pH 4.5). Titrate to pH 2.5. 6. Plot acid volume against pH on rectangular graph paper and determine the amount of acid used to reach the inflection point. 7. Calculate alkalinity as bicarbonate in milligrams per liter, as follows:
where: Nt is the normality of H2SO 4 titrant, Vi is the volume in milliliters of FhSO-i used to reach the inflection point, V, is the volume in milliliters of sample used, CHCOr is the alkalinity of the sample expressed as mg/L HCOr.
PH
Principle A combination electrode is used to measure the pH of samples collected at the wellhead in 125-mL flint-glass bottles fitted with Poly-Seal caps. The pH should be determined as soon as possible after collection to avoid loss of carbon dioxide and other gases from the water. Samples should be kept close to the wellhead temperature for measurement by using a constant-temperature water bath. To minimize error, the pH meter is calibrated with buffers at the same temperature as the sample. Reagents pH buffers (pH 4 and 7 
Specific Conductance
Principle
The specific conductance of an aqueous solution is the ability of that solution to carry an electric current and, in dilute solutions, yields an approximation of the solution's salinity (Rainwater and Thatcher, 1960) . The specific conductance is measured using a specific conductance meter. The total dissolved solids (TDS) concentration of the sample is then calculated from this value. Application This method may be used to determine the specific conductance and the approximate TDS (salinity) of any water sample. Reagents I. Potassium chloride standard solution, 0.00702 N. Dissolve 0.5232 g of KCI, dried at 180°C for 1 hour, in distilled-deionized water and dilute to 1,000 mL. This solution will have a specific conductance of 1,000 ,uS/cm at 25°C. Apparatus 1. Meter, specific conductance. Lab-Line Lectro Mho-meter (Model MC-1, Mark IV) with temperature compensation. 2. Thermometer, graduated in 0.1 °C. Procedure 1. Calibrate meter by checking the specific conductance of the standard potassium chloride solution at exactly 25°C. The specific conductance should be 1,000 //S/cm. If not, calibrate the meter according to the instruction manual. 2. Rinse the cell with filtered unacidified sample two or three times, then fill the cell. 3. Measure the specific conductance of the sample and record the temperature to the nearest 0.1 °C at the time of measurement. 4. If the specific conductance of the sample is>3 x 103 //S/cm, also measure the specific conductance of a 1/100 dilution of the sample. Multiply the specific conductance by 0.65±0.1 and the dilution factor. This number will approximate the TDS of the sample in milligrams per liter.
LABORATORY PROCEDURES
Analyses of cations are performed on filtered, acidified samples that are preserved at the well site. All cations are determined by atomic absorption or flame emission spectrophotometry. A Perkin-Elmer Model 603 was used under the conditions described in this section, most of which are referenced in Perkin-Elmer (1976a>. Any atomic absorption spectrophotometer with similar capabilities can be used in its place with appropriate changes in the instrument operating conditions.
Sodium
Operating Parameters for PE 603 Add 500 M L of LaCb solution (116 g of La2O3 dissolved in 1,000 mL of concentrated HC1 and then dilute to 2,000 mL with water) to each beaker. Mix and determine absorbance by AA using the above conditions. Comments
Samples with lower calcium concentrations may be analyzed using lower concentration standards and with the burner head in the normal position.
Magnesium
Operating Parameters for PE 603 Prepare appropriate dilutions of filtered-acidified (HCD samples. Pipet 5 mL of each sample, standard, and blank into small plastic beakers. Add the volume of 100,000 mg/L Na (127 g of NaCl dissolved in 500 mL of water) needed to bring each up to 1,000 mg/L sodium. Add enough water to make all of the volume adjustments the same. Repeat the above for potassium. Mix and run according to AA conditions stated above.
Manganese
Operating Parameters for PE 603 1. Wavelength: 279.8 nm uv. 
Interferences
Sodium, potassium, sulfate, and chloride do not interfere up to 9,000 mg/L; at greater concentrations, their effect is unknown. It is suggested that at concentrations of chloride greater than 9,000 mg/L, the concentration of chloride should be nearly equal in the samples and standards. Stock Standard Standard zinc solution, 1,000 mg/L Zn. Dissolve 1.000 g of reagent grade Zn metal in slight excess of hydrochloric acid; dilute to 1,000 mL with distilled-deionized water.
Standard Dilutions
At the above operating parameters, standards are run in the 5 to 30 mg/L zinc range; the range can be varied by changing the instrument settings.
Sample Preparation
Use filtered-acidified (HNOO samples. Dilute, if necessary, to proper chloride level.
Lead
Operating Parameters for PE 603 1. Wavelength: 283 nm uv. 
Aluminum
Operating Parameters for PE 603 1. Wavelength: 309 nm uv. 2. Slit: 4. 3. Lamp: Aluminum hollow cathode; current: 25 mA.
Interferences Iron interferes in the extraction procedure (see section on "Extraction of aluminum/ 1 ), but it is reduced by the addition of hydroxylamine hydrochloride (Barnes, 1975) . No other interferences are presently known. Stock Standard Standard aluminum solution, 1,000 mg/L Al. Dissolve 1.000 g of high-purity Al metal in 50 mL of 6 M HC1; dilute to 1,000 mL with water.
Standard Dilutions
Typically standards of 0, 12.5, 25, and 50 jug/L aluminum, extracted in the field, are used to construct a standard curve. Samples usually do not need dilution.
Sample Preparation
Samples are prepared according to directions given in section on the "Extraction of aluminum." No further treatment is necessary.
Mercury
Principle An aliquot of sample is treated in the field with potassium permanganate to oxidize all mercury. In the laboratory, the sample is acidified. Excess permanganate is then reduced with hydroxylamine hydrochloride, and the mercury is reduced to metallic mercury with stannous chloride. An aerator is used to sweep the mercury through an absorption cell placed in the light path of an atomic absorption spectrophotometer fPerkinElmer, 1976b). Mercury concentration is proportional to absorbance. Application Small concentrations of mercury (>0.01 /zg/L Hg) can be determined in geopressured geothermal and oil field waters. Reagents NOTE: All reagents and distilled water must be mercury-free. 1. Potassium permanganate solution, 5 percent.
Dissolve 25 g of KMnO 4 in distilled water. Dilute to 500 mL 2. Nitric acid, 5.6 N. Add 175 mL concentrated HNO3 to 300 mL of distilled water; dilute to 500 mL 3. Sulfuric acid, 18 N. Carefully add 250 mL of concentrated H 2 SO4 to about 200 mL of distilled water; dilute to 500 mL. 4. Hydroxylamine hydrochloride solution, 1.5 percent. Dissolve 7.5 g of hydroxylamine hydrochloride in distilled water; dilute to 500 mL. 5. Stannous chloride solution, 10 percent. Dissolve 50 g of SnCl2.2H 2O in distilled water; dilute to 500 mL 6. Mercury stock standard, 1,000 mg/L Hg. Standards are diluted so that the sodium concentration is < 10,000 mg/L. The sodium concentration will later be brought to a given level between 4,000 and 10,000 mg/L, as described below. Standards are typically run in the 0.1 to 1.0 mg/L rubidium range.
Sample Preparation
Prepare appropriate dilutions of filtered-acidified (HC1) samples. Pipet 5 mL aliquots of each sample, standard, and blank into small plastic beakers. Calculate the mg/L sodium in each of these aliquots. Determine a convenient concentration of sodium between 4,000-10,000 mg/L to adjust the aliquots. Add an aliquot of 100,000 mg/L Na (127 g of NaCl dissolved in 500 mL of water) to each beaker as necessary to make the adjustment to the chosen concentration +500 mg/L sodium. Add water to each beaker, as necessary, so that the total volume of water and sodium solution is identical for each sample, standard, and blank. Mix and run by flame emission using above conditions.
Cesium
Operating Parameters for PE 603 Samples are diluted so that the sodium concentration is <10,000 mg/L. The sodium concentration will later be brought to a given level between 4,000 and 10,000 mg/L, as described below. Standards are typically run in the 0.1 to 1.0 mg/L cesium range.
Sample Preparation
Prepare appropriate dilutions of filtered-acidified (HC1) samples. Pipet 5 mL aliquots of each sample, standard, and blank into small plastic beakers. Calculate the mg/L sodium in each of these aliquots. Determine a convenient concentration of sodium to which to adjust all the aliquots so that they will all be between 4,000 and 10,000 mg/L sodium and ±500 mg/L sodium of the chosen value. Add an aliquot of 100,000 mg/L Na (127 g of NaCl dissolved in 500 mL of water) to each beaker, as necessary, to make the adjustment. Add water to each beaker, as necessary, so that the total volume of water and sodium solution is identical for each sample, standard, or blank. Stir and run by flame emission as above.
Barium
Operating solution, adding 0.5 mL of starch indicator as the end point is approached. Record the volume of titrant used. Disregard the return of the blue color after the end point has been reached. 12. For the iodide determination, pipet a volume of filtrate (step 1) containing less than 5.0 mg of iodide (100.0 mL maximum) into a 250-mL iodine flask, and adjust the volume to approximately 100 mL. 13. Prepare a blank of 100 mL demineralized water and carry it through the procedure along with the sample. 14. Add a drop of methyl red indicator solution, and add 3.6 M H 2SO 4 until the solution just becomes acid. 15. Add 15.0 mL of NaC2 H 3 O: solution, 5.0 mL of 2.2 M HC2 H3O 2 , and sufficient bromine water to produce a light yellow color, mix, and allow to stand 5 minutes. 16. Reduce the excess bromine by adding NaCHO 2 solution until the yellow tinge in the sample disappears, then add an excess of 1 mL. 17. Wash down the sides of the flask with a small amount of water and blow out any bromine vapors with a syringe and a glass tube inserted through the mouth of the flask. If any iron precipitates at this point, add 0.5 g of KF«2H 2 O. 18. Add approximately 1 g of KI and 10 m L of 3.6 M H 2 SO 4; let stand 5 minutes in the dark; make sure the flask is tightly stoppered. 19. Titrate the liberated iodine with 0.01 N Na2 S 2 O3, adding 0.5 mL of starch indicator as the end point is approached. Record volume of titrant used. Disregard any return of the blue color after the end point has been reached. 20. Calculate bromide and iodide in the sample by using the following equations: N, is the normality of the thiosulfate standard, Et is the equivalents per liter of combined bromide and iodide, Ei is the equivalents per liter of iodide, Vs is the volume of sample in milliliters, Vhi is the titrant volume, in milliliters, for blank determination on combined procedure, Vhi is the titrant volume, in milliliters, for blank determination on iodide procedure, Vrr is the titrant volume, in milliliters, for combined determination, Vt i is the titrant volume, in milliliters, for iodide determination, CB, is the concentration of bromide in milligrams per liter, and Ci is the concentration of iodide in milligrams per liter. Interferences Iron, manganese, and organic material interfere, so remove them by preliminary treatment with calcium oxide.
Sulfate by Thorin Method with Alumina Pretreatment
Principle Filtered acidified brine sample is passed through an activated alumina column I Fritz and others, 1975) . The sulfate is retained in the column while cations and other anions (chloride, bromide, etc.) pass through. The sulfate is then eluted from the alumina with dilute ammonium hydroxide, and the eluate is then passed through a cation exchange column in the hydrogen form. The solution is neutralized with concentrated ammonium hydroxide (pH ~5-7) and titrated against barium chloride using thorin indicator as described by Skougstad and others (1979) .
3. Wash with 25 mL of water in 5 mL portions. Discard all effluent collected up to this point. 4. Place a 100-mL volumetric flask under the column and elute the sulfate from the column by washing with 5 mL of 1 M NH4OH. 5. Wash with 20 mL of 0.1 M NH 4 OH.
6. Wash with 20 mL of 0.1 M NH 4OH in 5 mL portions. 7. Wash with 25 mL of water. 8. Bring the 100-mL volumetric flask up to the 100-mL level with distilled water. 9. Regenerate the alumina column by washing with lOmLl.OM HC1. 10. Pass the sulfate-containing effluent through the cation exchange column, discarding the first 20 to 30 mL of effluent. 11. Adjust the pH of the effluent to between 5 and 7 with concentrated NH 4OH. 12. Pipet a volume of sample (10.0 mL maximum) containing less than 2 mg of sulfate into a 100 mL beaker containing a stir bar and adjust the volume to 10.0 mLwith water. 13. Add 40 mL of thorin indicator solvent solution. 14. Start stirrer and set absorbance at 0.100. 15. Titrate with barium chloride standard to an absorbance of 0.200 that is stable for 30 seconds. 16. Determine a blank correction by running distilled water through the entire procedure. 17. Run standards along with samples through the entire procedure. 18. Calculate sulfate concentration by using the following equation:
6-cm alumina bed where C C, V,
Vacuum
Figure 2. Alumina column and associated apparatus (Fritz and others, 1975) .
